Chelicerata represents one of the oldest groups of arthropods, with a fossil record extending to the Cambrian, and is sister group to the remaining extant arthropods, the mandibulates. Attempts to resolve the internal phylogeny of chelicerates have achieved little consensus, due to marked discord in both morphological and molecular hypotheses of chelicerate phylogeny. The monophyly of Arachnida, the terrestrial chelicerates, is generally accepted, but has garnered little support from molecular data, which have been limited either in breadth of taxonomic sampling or in depth of sequencing. To address the internal phylogeny of this group, we employed a phylogenomic approach, generating transcriptomic data for 17 species in combination with existing data, including two complete genomes. We analyzed multiple data sets containing up to 1,235,912 sites across 3,644 loci, using alternative approaches to optimization of matrix composition. Here, we show that phylogenetic signal for the monophyly of Arachnida is restricted to the 500 slowest-evolving genes in the data set. Accelerated evolutionary rates in Acariformes, Pseudoscorpiones, and Parasitiformes potentially engender longbranch attraction artifacts, yielding nonmonophyly of Arachnida with increasing support upon incrementing the number of concatenated genes. Mutually exclusive hypotheses are supported by locus groups of variable evolutionary rate, revealing significant conflicts in phylogenetic signal. Analyses of gene-tree discordance indicate marked incongruence in relationships among chelicerate orders, whereas derived relationships are demonstrably robust. Consistently recovered and supported relationships include the monophyly of Chelicerata, Euchelicerata, Tetrapulmonata, and all orders represented by multiple terminals. Relationships supported by subsets of slow-evolving genes include Ricinulei + Solifugae; a clade comprised of Ricinulei, Opiliones, and Solifugae; and a clade comprised of Tetrapulmonata, Scorpiones, and Pseudoscorpiones. We demonstrate that outgroup selection without regard for branch length distribution exacerbates long-branch attraction artifacts and does not mitigate gene-tree discordance, regardless of high gene representation for outgroups that are model organisms. Arachnopulmonata (new name) is proposed for the clade comprising Scorpiones + Tetrapulmonata (previously named Pulmonata).
Introduction
Subsequent to decades of pitched contention over the interrelationships of Arthropoda, a consensus has begun to emerge regarding the shape of the arthropod tree of life. With the advent of transcriptome-and genome-scale data, the monophyly of Arthropoda and its three major ramiChelicerata, Myriapoda, and Pancrustacea (alternatively, "Tetraconata")-is strongly supported, together with a sister group relationship of arthropods and velvet worms (e.g., Hejnol et al. 2009; Campbell et al. 2011; Rota-Stabelli et al. 2011) . Multiple phylogenomic efforts have been directed toward resolving internal relationships of Pancrustacea, which unite hexapods and the paraphyletic "crustaceans," and have contributed to the identification of the hexapod sister group (Regier et al. 2010; Meusemann et al. 2010; Simon et al. 2012; von Reumont et al. 2012) . The interrelationships of Chelicerata remain among the last major challenges for arthropod systematics. Chelicerates constitute the second largest branch of the arthropod tree of life and include several iconic lineages, such as horseshoe crabs, spiders, and scorpions.
Morphological phylogenetic analyses have divided extant Chelicerata into three groups: Pycnogonida (sea spiders), Xiphosura (horseshoe crabs), and Arachnida (terrestrial chelicerates) (e.g., Weygoldt and Paulus 1979; Shultz 1990 Shultz , 2007 . Implicit in this schema is the minimization of terrestrialization events, namely by the arachnid common ancestor. The mutual monophyly of Pycnogonida and Euchelicerata (=Xiphosura + Arachnida) is presently supported by a number of morphological characters, embryological evidence, and molecular sequence data (Wheeler et al. 1993; Wheeler and Hayashi 1998; Mallatt et al. 2004; Regier et al. 2010) , including phylogenomic approaches (e.g., Roeding et al. 2009; Meusemann et al. 2010) . In contrast, due to extensive morphological character conflict, basal relationships of a putatively monophyletic Arachnida have remained recalcitrant to resolution, and many hypotheses have been proposed for these interrelationships (e.g., Shultz 1990 Shultz , 2007 Wheeler and Hayashi 1998; Giribet et al. 2002) (fig. 1 ). For example, mites (Acariformes) and ticks (Parasitiformes) are traditionally united as Acari by such characters as the subcapitulum and the "hexapod larva" (a six-legged postembryonic stage, which also occurs in Ricinulei); this relationship conflicts with the presence of a prominent sejugal furrow in camel spiders (Solifugae) and mites (Shultz 2007; Dunlop et al. 2012) , as well as the fundamentally divergent morphology of the two constituent lineages of Acari (Van der Hammen 1989) . Some authors disputed even the monophyly of Arachnida, on the basis of "primitive" characters occurring in scorpions and Opiliones (harvestmen) (e.g., Van der Hammen 1989) .
Paralleling morphology, molecular data have not resolved relationships within Arachnida either, much less affirmed the validity of this group ( fig. 1) . Analyses of nucleotide sequence data infrequently recover the monophyly of Arachnida, although very few studies have comprehensively sampled all extant arachnid orders (Wheeler and Hayashi 1998; Giribet et al. 2002; Masta et al. 2009 Masta et al. , 2010 Roeding et al. 2009; Meusemann et al. 2010; Pepato et al. 2010; Regier et al. 2010; Arabi et al. 2012; von Reumont et al. 2012) . The largest phylogenetic effort sampling all extant arachnid lineages, based on 62 Sanger-sequenced loci, recovered strong support only for the monophyly of Euchelicerata, Tetrapulmonata (Araneae, Amblypygi, and Uropygi), and relationships within the tetrapulmonates; Arachnida was modestly supported in that study by only two of four analyses, and basal relationships of arachnids were highly unstable (Regier et al. 2010) .
Multiple aspects of Arachnida make the internal resolution of this group prone to recalcitrance. First, the origins of chelicerates are presumed to be ancient, occurring during or prior to the Cambrian, with rapid diversification of extant arachnid orders (Dunlop 2010; Rota-Stabelli et al. 2013) . A considerable number of arachnid lineages equal in rank to orders has gone extinct, such as trigonotarbids (early arachnids present by the Silurian) and phalangiotarbids (arachnids of unknown affinity present in the Devonian and Carboniferous), in addition to non-arachnid chelicerate groups such as eurypterids and chasmataspidids (sea scorpions), and synziphosurines (stem-group horseshoe crabs or stem-group euchelicerates) (Dunlop 2010; Briggs et al. 2012; Lamsdell 2013) . Many extant orders also demonstrate the signature of prolonged historic extinction, that is, marked spans of time between origin and diversification, and the retention of few extant species. This phenomenon is epitomized by horseshoe crabs, which appeared in the fossil record in the Ordovician and are survived by just four extant species that diverged in the Cretaceous (Obst et al. 2012) . The combination of ancient diversification and subsequent extinctions has presumably produced short internodes in extant chelicerate phylogeny, a documented affliction for phylogenetic reconstruction (Rokas and Carroll 2006; Salichos and Rokas 2013) .
Second, difficulty of phylogenetic resolution is compounded by accelerated evolution in certain arachnid orders. Specifically, mitochondrial genes of Pseudoscorpiones, Acariformes, and Parasitiformes (or at least Mesostigmata) have demonstrably higher rates of evolution, and larger variability in nucleotide composition, than other Euchelicerata (Arabi et al. 2012) . Similarly, branch lengths inferred from nuclear ribosomal gene alignments suggest heterotachy in the same groups (as well as Palpigradi and some araneomorph spiders), even upon accounting for secondary structure (Pepato et al. 2010 ). Significantly accelerated rates of evolution in certain lineages underlie long-branch attraction (LBA), the artifactual close relationship of lineages with long-branch lengths (Felsenstein 1978; Huelsenbeck 1997; Bergsten 2005; Philippe et al. 2005) . Because outgroup taxa are often undersampled, the placement of long-branch taxa sister to, or part of a grade with, outgroup terminals is symptomatic of LBA artifacts. Application of sequence data at genomic scales, compounded by inclusion of relatively few terminals, can result in maximal support values for spurious placement of long-branch terminals (reviewed by Bergsten 2005) .
A third and final aspect of arachnid biology hindering phylogenetic resolution may be variability of genome size. At one extreme, the genome of the mite Tetranychus urticae is among the smallest arthropod genomes, comprising approximately 18,224 coding genes (Grbic et al. 2011) . In contrast, the genome of the scorpion Mesobuthus martensii contains approximately 32,016 genes, more than any other animal genome (Cao et al. 2013) . For reference, approximately 15,771 genes occur in the fruit fly Drosophila melanogaster (FlyBase Consortium, Release 5), and approximately 21,000-25,000 in Homo sapiens (Genome Reference Consortium). Furthermore, whereas genome compaction in mites is associated with gene loss (Grbic et al. 2011) , scorpions appear to have undergone high gene family turnover, as well as gene duplications and neofunctionalization of resulting paralogs (Cao et al. 2013; Sharma et al. 2014) . Such marked historical disparity in the evolution of gene families across arachnids may have hindered accurate assessments of orthology in data sets composed of Sanger-sequenced nuclear genes, particularly some commonly utilized phylogenetic markers assumed to be single-copy orthologs throughout arthropods (e.g., Hedin et al. 2010 ), but subsequently shown to contain numerous paralogs using cloning techniques and/or transcriptomic resources (Riesgo et al. 2012; Clouse et al. 2013) .
Toward improving resolution within Arachnida, we compiled a data set of 48 taxa, including new transcriptomic libraries for 17 species published herein, two complete genomes (the mite T. urticae and the tick Ixodes scapularis), and previously published expressed sequence tag (EST) and Illumina platform libraries. Sampled outgroup taxa to Arachnida consisted of Xiphosura and Pycnogonida, as well as basally branching Mandibulata (myriapods) and Onychophora. We used recently developed tools for orthology prediction and optimization of matrix composition. The largest data set of 3,644 genes and greater than 1.2 million amino acid sites (at 25% gene occupancy) included exemplars of all extant arachnid orders except for Schizomida (the sister group of Thelyphonida and part of Uropygi). Here we show that phylogenetic analysis of the 3,644-ortholog data set yields the nonmonophyly of Arachnida with 100% bootstrap support, due to suspect placement of Pseudoscorpiones, Acariformes, and Parasitiformes. We demonstrate that this result is an LBA artifact by examining nodal support as a function of concatenation by evolutionary rate. Intriguingly, a set of genes supporting the monophyly of Arachnida strongly conflicts with other such sets, which support other hypotheses also consistent with morphology (e.g., the placement of Pseudoscorpiones), indicating nonuniformity of phylogenetic signal. Significant incongruence among gene trees corroborates the pervasiveness of phylogenetic conflict at the base of Arachnida. Nevertheless, we demonstrate consistent support for the monophyly of Chelicerata, Euchelicerata, and several derived clades of arachnids.
Results

Orthology Assignment and Supermatrix Assembly
We sequenced cDNA from 16 arachnid and one xiphosuran species using the Illumina GAII and HiSeq 2500 platforms, and combined these with published transcriptomes and genomes from 30 other species, including some libraries sequenced in our laboratories (Riesgo et al. 2012; Fern andez et al. 2014) . Assembly statistics for new libraries, as well as published transcriptomes assembled from raw reads, are provided in table 1. Subsequent to open reading frame (ORF) prediction and selection of the longest ORFs per unigene, 3,055-18,814 peptide sequences were retained for Illumina libraries and complete genomes, 815-1,127 for 454 Life Science platform libraries, and 54-10,646 for Sanger-sequenced EST libraries. Orthology assessment of this 48-taxon data set with the Orthologous MAtrix (OMA) stand-alone algorithm recovered 77,774 orthogroups. Subsequent to alignment and culling of ambiguously aligned positions, a supermatrix was constructed by retaining a minimum gene occupancy threshold of 13 taxa (i.e., occupancy of 425% of the data set), resulting in 3,644 concatenated orthologs (1,235,912 aligned sites; 36.23% occupied). The number of orthologs per taxon varied from 6 (the palpigrade Prokoenenia wheeleri; based on published Sanger data) to 3,215 (the harvestman Sitalcina lobata). Due to the paucity of data for the palpigrade, its phylogenetic placement was analyzed separately.
Maximum-Likelihood Analyses
Phylogenetic analysis of the 3,644-ortholog matrix under maximum likelihood (ML) recovered a fully resolved tree topology with 100% bootstrap support for the monophyly of Chelicerata and Euchelicerata ( fig. 2) . Contrary to the traditional basal split within Euchelicerata between Xiphosura and the terrestrial Arachnida, the ML analysis supported the paraphyly of Arachnida, with Xiphosura sister to Ricinulei. The clade Pseudoscorpiones + Acariformes was recovered sister to the remaining Euchelicerata; this clade in turn formed part of a grade with Acariformes with respect to the remaining Euchelicerata and Xiphosura. All orders represented by multiple terminals were recovered as monophyletic with 100% bootstrap support, often in spite of marked disparities in gene representation. The greatest such disparity is exemplified by the Illumina-sequenced library of Limulus polyphemus, which has over 2 orders of magnitude greater representation than the Sanger-sequenced EST library of Carcinoscorpius rotundicauda (2,431 vs. 14 orthologs, respectively); support for Xiphosura was nevertheless maximal. All nodes in this topology were fully supported, excepting the two corresponding to sister relationships of two sets of congeneric ticks (Amblyomma and Rhipicephalus). Longer branch lengths were observed for the orders Acariformes, Parasitiformes, and Pseudoscorpiones, with respect to the remaining taxa.
Matrix Reduction and Concatenation by Gene Occupancy
To assess the impact of heterogeneous levels of missing data, we generated three supermatrices. Two of these were generated using the MARE algorithm, retaining either all 47 terminals (516 orthologs, 122,436 sites, 39.99% occupied, call handle "MARE1") or only the 30 libraries comprising Illumina data sets and whole genomes (1,237 orthologs, 373,349 sites, 62.49% occupied; call handle "MARE2"). A third matrix was generated by removing from our original 3,644-ortholog alignment all terminals with smaller libraries, that is, the same number of taxa as MARE2 (3,644 orthologs, 1,235,912 sites, 55.34% occupied, call handle "IL-GEN").
In spite of limited topological differences, none of these three matrices recovered the monophyly of Arachnida ( fig. 3 and supplementary fig. S1 , Supplementary Material online). In the two 30-taxon matrices (MARE2 and IL-GEN), L. polyphemus was consistently recovered as nested within a paraphyletic Arachnida with strong support (bootstrap resampling frequency [BS] 98%). In all three topologies, Parasitiformes and the clade Pseudoscorpiones + Acariformes formed a grade sister to the remaining Euchelicerata, and together with Solifugae in IL-GEN (a topology congruent with the supermatrix topology in fig. 2 ).
To infer the impact of gene occupancy on phylogenetic signal, another six matrices were constructed wherein the threshold of gene occupancy was serially increased by five taxa, up to representation for a minimum of 35 out of 47 taxa. A summary of matrix composition and amount of missing data for these six matrices is provided in table 2. Bootstrap resampling frequency for various topological hypotheses of interest showed no consistent effect of missing data ( fig. 4 ).
Support for Arachnida was equal to or near zero for all matrices except for one, which enforced gene occupancy as representation in at least 30 taxa (table 2, 
Concatenation by Percent Pairwise Identity
To assess how nodal support for alternative hypotheses of chelicerate relationships is affected by rate of molecular evolution, a series of 15 matrices was assembled wherein orthologs were concatenated in order of percent pairwise identity, beginning with the most conserved (i.e., similar).
We added genes at increments of 100 until 1,000 genes had been concatenated, and increments of 500 subsequently until 3,500 genes had been concatenated. We scored the bootstrap resampling frequency for various topological hypotheses. For such nodes as Chelicerata and Euchelicerata, we observed a trajectory of nodal support theoretically expected with accruing data: monotonic or nearly monotonic increase in bootstrap resampling frequency until fixation at the maximum value (fig. 5). A similar result was obtained for some derived relationships that are consistent with morphology, such as Pedipalpi (Amblypygi + Uropygi), Tetrapulmonata (Araneae + Pedipalpi), and a clade we term Arachnopulmonata new name, which comprises Scorpiones + Tetrapulmonata. Albeit recovered with moderate support in the majority of their analyses, Regier et al. (2010) used the term "Pulmonata" for this clade, a name introduced by Firstman (1973) for a clade of pulmonate arachnids, but which had already been in use for decades for a group of gastropods. To facilitate systematic discourse more broadly, we rename this group Arachnopul-monata. In contrast, the trajectory corresponding to Arachnida showed initial increase to maximum bootstrap frequency upon concatenation of the 500 slowest-evolving orthologs. Thereafter, nodal support for Arachnida decreased to zero by the concatenation of the 1,000th slowest-evolving ortholog. As illustrated in figure 6 , the topology inferred from the 500 slowest-evolving orthologs recovers three separate clades within Arachnida: Arachnopulmonata; a clade comprised of Opiliones, Solifugae, and Ricinulei (a trio of orders with a completely segmented opisthosoma and a tracheal tubule system for respiration); and a clade comprised of Pseudoscorpiones, Acariformes, and Parasitiformes.
Like Arachnida, a peak of support is observed for the placement of Pseudoscorpiones as part of a clade with Arachnopulmonata. Specifically, much of that nodal support places Pseudoscorpiones as sister group to Scorpiones (figs. 5 and 6). Unlike Arachnida, nodal support for these hypotheses is more restricted to the 200 slowest-evolving orthologs, which are insufficient to support the monophyly of Arachnida ( fig. 6 ).
To ensure that results from this method of concatenation were not driven by missing data, we ranked the 3,644 orthologs in order of percent pairwise identity and mapped the oldest most recent common ancestor (MRCA) recoverable for each orthogroup. Dense representation was observed for the MRCAs of Arachnida, Euchelicerata and Arthropoda, and the root of the tree (supplementary fig. S3 , Supplementary Material online). Considering the composition of three matrices of significance (200-slowest evolving orthologs, 500-slowest evolving orthologs, complete matrix), the proportion of orthologs wherein at least the MRCA of Arachnida was represented exceeded 98% for all matrices. Only 72 (1.98%) of orthologs in the complete matrix were restricted to sampling of derived arachnids groups, and these were evenly distributed with respect to ordination of evolutionary rate. These results indicate that missing data affected the sampling of basal nodes in a nonsignificant and random way.
Bayesian Inference Analyses
Runs of PhyloBayes implementing infinite mixture models (GTR + CAT) were implemented for the 500 slowest-evolving ortholog data set and for MARE1 did not achieve convergence (0.3 < maximum discrepancy < 1) after 7 months of computation on 500 parallelized processors. We examined posterior distributions under the four independent runs for both data sets and observed that all chains had recovered the same consensus topology for each data set. Under either data set, internodes of infinitesimal length separated major clades within Euchelicerata; the result is indistinguishable from a basal polytomy for both data sets ( fig. 7) . Bayesian inference analysis of the 500 slowest-evolving ortholog data set recovered the clade (Pseudoscorpiones + Scorpiones), but not arachnid monophyly ( fig. 7 compare with fig. 6 ). The two Bayesian inference topologies were almost identical due to extensive overlap of orthologs between the two data sets; of the 516 genes in MARE1, 301 are shared with the 500 slowestevolving ortholog set.
Discussion
Conflict, Resolution
The phylogenetic data set amassed in this study is the largest deployed to test basal relationships of Arachnida to date. Nevertheless, the tree topology recovered by ML analysis of the 3,644 supermatrix ( fig. 2) recapitulates a recurring phenomenon in molecular phylogenetic studies of Chelicerata: The putative nonmonophyly of Arachnida supported by this analysis is a counterintuitive result, overturning a key relationship supported by morphological cladistic studies (e.g., Wheeler and Hayashi 1998; Giribet et al. 2002; Shultz 2007) . Specifically, the nested placement of Xiphosura has been recovered in other phylogenomic assessments, albeit with incomplete sampling of arachnid orders (Roeding et al. 2009; Meusemann et al. 2010) . Shultz (2007) observed that arachnids are putatively united by a series of synapomorphies, such as aerial respiration, an anteriorly/anteroventrally directed mouth, and the loss of some characters observed in marine chelicerates (e.g., walking leg gnathobases, cardiac lobe). Counterarguments to morphological support for arachnid monophyly, which are grounded in convergence of characters driven by independent episodes of terrestrialization, are difficult to falsify, due to the fragmentary nature of the fossil record and limitations in parameterizing the historical probability of terrestrialization events (Shultz 2007; von Reumont et al. 2012) .
However, we regarded with suspicion the placement of three orders (Pseudoscorpiones, Acariformes, and Parasitiformes) with known higher rates of molecular evolution as a grade at the base of Euchelicerata with maximum bootstrap support, whether based on transcriptomic data (Roeding et al. 2009 ), nuclear ribosomal genes (Pepato et al. 2010) , or mitochondrial genes (Arabi et al. 2012) . High or even optimal nodal support in genomic-scale analyses can belie inaccuracy of the tree topology, interpartition conflicts, and other biases (Felsenstein 1978; Rokas et al. 2003; Salichos and Rokas 2013 ) and may be symptomatic of an LBA phenomenon (reviewed by Bergsten 2005) . Furthermore, the inclusion of smaller (454 and Sanger-sequenced EST) libraries in our data set engenders the possibility that the nonmonophyly of Arachnida is an artifact stemming from missing data.
The effect of missing data in phylogenetic analysis is controversial. Simulations have shown that highly incomplete terminals can be reliably placed in phylogenies, and often confer advantages over excluding such terminals, but may engender LBA artifacts in some cases (Wiens 2006) . Other analyses of empirical data sets have implicated missing data as misleading, specifically with respect to inflating nodal support values for problematic nodes, but data sets selected to balance representation of sequence data have not been shown to resolve ambiguous nodes either (Dell'Ampio et al. 2014; Fern andez et al. 2014) .
To address this possibility, we combined concatenation approaches with ML inference of gene-tree topologies. In the 3,644-ortholog data set, all arachnid orders were represented by at least one Illumina data set or complete genome, and we thus calculated large numbers of potentially informative gene trees (i.e., trees containing at least one member of each descendant branch and two distinct outgroups) for all nodes corresponding to interordinal relationships, in the range of 701-3,116 for nodes corresponding to basal arachnid relationships ( fig. 8) . However, the proportion of those potentially informative gene trees that were congruent with a given node varied markedly. Generally, internodes corresponding to the monophyly of derived clades (e.g., orders sampled with multiple terminals; Tetrapulmonata) were characterized by a higher proportion of congruent gene trees, in contrast to basal nodes within Euchelicerata. These data suggest that the gene tree incongruence observed is not entirely attributable to missing data.
We conducted additional analyses to investigate whether nonmonophyly of Arachnida was attributable to missing data. Neither manual exclusion of 454 and Sanger-sequenced libraries nor matrix reduction with MARE yielded arachnid monophyly for their respective 30-terminal data sets ( fig. 3) , although the measures of matrix completeness for these reduced data sets are comparable to phylogenomic counterparts among pancrustaceans and myriapods (e.g., Meusemann et al. 2010; von Reumont et al. 2012; Fern andez et al. 2014) . Matrix reduction with MARE while retaining all 47 terminals yielded nonmonophyly of Arachnida as well, with nonsignificant nodal support at the base of Euchelicerata (supplementary fig. S1 , Supplementary Material online).
Sequential concatenation of six matrices with varying level of gene occupancy did not suggest a uniform effect of missing data either for several relationships of interest (fig. 4) . The smallest matrix with gene occupancy of over 35 taxa per gene (23 orthologs; 75.10% sequence occupancy) recovered some relationships with slightly lower node support that were robustly supported elsewhere (e.g., Chelicerata, Tetrapulmonata, Arachnopulmonata), consistent with the theoretical expectation of increased nodal support with accruing data for robust nodes. Support for Arachnida was consistently low, excepting its recovery with moderate support in the AL30 matrix (gene occupancy of at least 30 taxa, 98 orthologs, 68.20% sequence occupancy; supplementary fig.  S2 , Supplementary Material online). This recovery of a monophyletic Arachnida through exclusive use of molecular data, albeit with limited support, is a rare result (Regier et al. 2010 ).
FIG. 7.
Consensus of PhyloBayes tree topologies across four independent runs. Left: Tree topology inferred using the 500 slowest-evolving genes. Right: Tree topology inferred using the MARE1 matrix. Dotted line represented abbreviated branch length for Glycyphagus domesticus (lengths of 1.545 and 1.076 for left and right topologies, respectively).
Nevertheless, as this threshold of gene occupancy (representation for at least 30 taxa) is at neither extreme of the parameter's spectrum of values, we considered this result insufficient evidence for a systemic and pervasive effect of missing data on tree topology inference. We therefore investigated another aspect of our data set that might reveal phylogenetic support for Arachnida, namely, rate of molecular evolution.
Serial concatenation by evolutionary rate was conducted for 15 matrices wherein orthologs were concatenated in order of percent pairwise identity, beginning with the most conserved. In contrast to concatenation by gene occupancy, we observed distinct patterns in trajectories of nodal support upon addition of genes, enabling discernment of robustly supported nodes that were insensitive to evolutionary rate (e.g., Chelicerata, Euchelicerata, Tetrapulmonata) and nodes that were supported by a subset of genes with slower rates (e.g., Arachnida, Pseudoscorpiones + Scorpiones) ( fig. 5) . Intriguingly, the matrix of the 200-and 500-slowest evolving orthologs recovered interrelationships between arachnid clades characterized by very short internodes in spite of relatively large numbers of potentially informative genes at those internodes (supplementary figs. S4 and S5, Supplementary Material online), corroborating previous inferences of ancient and rapid radiation inferred from the fossil record and molecular phylogenetic efforts (Giribet et al. 2002; Dunlop 2010; Regier et al. 2010) .
We also considered the possibility that evolutionary rate and degree of missing data were conflated. We dissected the relationship between these two variables and found that the matrices concatenated by evolutionary rate had approximately the same amount of gene occupancy (36.23-43.92%), with slightly higher occupancy in the slowestevolving data sets (supplementary fig. S6 , Supplementary Material online). In contrast, matrices concatenated by gene occupancy exhibit a clear negative relationship with evolutionary rate, with denser matrices including a larger proportion of slowly evolving genes (supplementary fig. S6 , Supplementary Material online)-genes that are more conserved across taxa. The latter correlation suggests that evolutionary rate is a stronger explanatory variable than amount of missing data, not only for phylogenetic signal but also for the amount of missing data itself. In spite of this trend, concatenation in order of percent pairwise identity did not affect representation of basal nodes (supplementary fig. S3 , Supplementary Material online), with the ingroup (MRCA of Arachnida) represented in over 98% of orthologs. The negative relationship between evolutionary rate and gene occupancy could reflect biological pattern (e.g., orthologs with conserved function and sequence may be expressed in many taxa), the algorithmic operation of OMA (Altenhoff et al. 2013) , or a combination of the two.
The number of different ML topologies obtained with various matrices is strongly suggestive of systemic incongruence of phylogenetic signal, attributable in part to LBA artifacts; in all topologies we obtained from the incremental concatenation series with nonmonophyly of Arachnida, arachnid paraphyly was caused by the suspect placement of Pseudoscorpiones, Acariformes, and/or Parasitiformes outside of the clade uniting the remaining arachnids and Xiphosura (figs. 2, 3, 6, and 7 and supplementary fig. S1 , Supplementary Material online). Consistent with this prediction as well, two separate Bayesian inference analyses (the 500-slowest evolving orthologs and MARE1) yielded a polytomy or infinitesimal branch lengths at the base of Arachnida ( fig. 7) , with long branches subtending the problematic orders. The LG4X + F and CAT + GTR models utilized in ML and Bayesian inference analyses, respectively, were chosen for their superior ability to accommodate site-heterogeneous patterns of molecular evolution, particularly in the event of LBA artifacts Philippe 2004, 2008; Le et al. 2012) . But upon examination of branch lengths across postburn-in samples from the PhyloBayes runs (based on the 500 slowest-evolving ortholog data set), we continued to observe significantly longer branch lengths under a Bayesian relative rates test (Wilcox et al. 2004) for all three problematic orders (Acariformes, Parasitiformes, and Pseudoscorpiones) with respect to the MRCA of Euchelicerata, in comparison to the remaining euchelicerate taxa (P << 0.0001 for all comparisons; fig. 9 ). Together with the ML topologies, these analyses reinforce the inference of short internodes in the euchelicerate tree of life, precipitated by rapid divergence of basal lineages, and marked heterotachy in problematic orders.
However, concatenation methods have been critiqued for their tendency to mask phylogenetic conflict when strong gene tree incongruence is incident (Jeffroy et al. 2006; Kubatko and Degnan 2007; Nosenko et al. 2013; Salichos and Rokas 2013) , and some authors have advocated against the use of bootstrap resampling in phylogenomic analyses (Salichos and Rokas 2013; Dell'Ampio et al. 2014) . Several newly developed metrics for quantifying gene tree incongruence are inapplicable to partial trees (e.g., internode certainty; Salichos and Rokas 2013). Therefore, we visualized the dominant bipartitions among the ML gene tree topologies by constructing supernetworks using the SuperQ method (Gr€ unewald et al. 2013) , which decomposes all gene trees into quartets to build supernetworks where edge lengths correspond to quartet frequencies (see Fern andez et al. 2014 ). We inferred supernetworks for four data sets: 1) 3,644 orthologs, 2) the 200 slowest-evolving orthologs, 3) the 500 slowestevolving orthologs, and 4) the 1,237 orthologs of the MARE2 data set, which retain only the 30 data-rich taxa. Invariably, we observed an unresolved star topology, with numerous reticulations corresponding to basal divergences of Arachnida ( fig.  10 ). The retention of gene tree incongruence irrespective of various approaches to matrix optimization (e.g., matrix reduction, gene occupancy, evolutionary rate) indicates that conflicts at the base of Arachnida are not solely attributable to stochastic sampling error, but are systemic. The greater amount of reticulation in supernetworks of slowly evolving genes corroborates previous reports of greater gene tree incongruence in slowly evolving partitions (Salichos and Rokas 2013 ; but see Betancur-R. et al. 2014) The sum of these analyses suggests that phylogenetic resolution of Arachnida is beleaguered by incongruent signal in different genomic regions, which in turn is a function of evolutionary rate and exacerbated by LBA artifacts in rapidly evolving lineages. The combination of long-branch taxa, incident heterotachy, and discordant results stemming from consideration of evolutionary rate closely reflects historical disputes over the root of Metazoa, and tradeoffs between amount and parameterization of sequence data Philippe et al. 2009 Philippe et al. , 2011 Schierwater et al. 2009; Nosenko et al. 2013) . Beyond demonstrating concealed phylogenetic support for arachnid monophyly, these results are illuminative in understanding why a morphologically wellcircumscribed group has historically proven difficult to recover in molecular phylogenetic analyses. We note that concatenation by order of evolutionary rate proved an effective approach of identifying this phylogenetic incongruence. Serial concatenation strategies that rely upon random sampling of orthologs (e.g., RADICAL; Narechania et al. 2012; Simon et al. 2012) were trialed in our data set, but did not identify incongruence when it was highly localized. For example, unless a random concatenation series captures a significant proportion of that subset supporting Pseudoscorpiones + Arachnopulmonata (200 out of 3,644 orthologs), this incongruence will not be identified. Apropos, of the 98 orthologs in the AL30 matrix, which supported the monophyly of Arachnida, 47 are among the 500 slowest evolving orthologs, further indicating that rate of evolution has greater explanatory power than missing data toward accounting for arachnid nonmonophyly.
Evaluating Historical Hypotheses Based on Morphology: Pseudoscorpions and Solifugae
We observed a nodal support profile similar to that of Arachnida for the clades (Pseudoscorpiones + Acari) and (Ricinulei + Solifugae) ( fig. 5 ), neither historically supported by analyses of morphological characters (see Shultz 2007 for the most recent analysis and summary of hypotheses). Monophyly of Acari (Acariformes + Parasitiformes) is contentious, as molecular sequence data do not uniformly support this clade (Giribet et al. 2002; Pepato et al. 2010; Regier et al. 2010 ; but see Meusemann et al. 2010 ) and relevant morphological characters may have undergone extensive convergence. For example, a six-legged postembryonic stage occurs not only in Acariformes and Parasitiformes but also in the distantly related Ricinulei. The embryology and genome of T. urticae have also demonstrated the loss of opisthosomal segmentation and such conserved genes as the Hox transcription factor abdominal-A, found in all other surveyed arachnids (Hughes and Kaufman 2002; Grbic et al. 2011; Sharma et al. 2012b) .
A greater measure of confidence was once placed in the sister relationship of pseudoscorpions and solifuges (Weygoldt and Paulus 1979; Shultz 1990 Shultz , 2007 ; but see Dunlop et al. 2012) , with these forming part of a clade with scorpions and harvestmen ( fig. 1) (Weygoldt and Paulus 1978; Shultz 1990 Shultz , 2007 Giribet et al. 2002) . The sister relationship of Pseudoscorpiones and Solifugae is consistent with a number of morphological characters, such as two-segmented chelicerae, the shape of the epistome (a structure covering the mouth), and similarity in walking leg segments (Shultz 2007) . However, recent advances in comparative developmental genetics have elucidated a simple mechanism for the transition from the three-to the two-segmented cheliceral state: Loss of the expression domain of the transcription factor dachshund, which in three-segmented chelicerae is uniquely expressed in the proximal segment (Prpic and Damen 2004; Sharma et al. 2012a Sharma et al. , 2013 Barnett and Thomas 2013) . Similarly, the highly variable gnathobasic mouthparts of spiders (the pedipalpal "maxilla"), mites (the rutellum), and harvestmen (the stomotheca) all result from the same embryonic tissues, whose growth is disrupted by abrogation of the appendage-patterning transcription factor Distal-less (Schoppmeier and Damen 2001; Khila and Grbic 2007; Sharma et al. 2013) . These data underscore the evolutionary lability of cheliceral segment number and enditic mouthparts, and disfavor their utility as phylogenetic character systems.
Few morphological characters could potentially unite Pseudoscorpiones and Acari. Nevertheless, the relationship of Pseudoscorpiones and Acariformes is consistent with the presence of prosomal silk glands in these orders (produced from cheliceral glands in the former and salivary glands in some lineages of the latter; in contrast, spider silk is produced from dedicated opisthosomal organs). A reciprocal BLAST (Basic Local Alignment Search Tool) search against spider and Tetranychus silk protein sequences revealed no hits in the transcriptome of the pseudoscorpion Synsphyronus apimelus, and thus we are presently unable to evaluate the homology of mite and pseudoscorpion silks based on their protein structure.
Interestingly, in contrast to Arachnida, nodal support for the clade (Ricinulei + Solifugae) is more recalcitrant to concatenation of fast-evolving genes. Only after concatenation of 3,000 orthologs does nodal support for this relationship become fixed at zero (fig. 5 ). Neither this relationship, nor the placement of Opiliones as sister group of (Ricinulei + Solifugae), has been supported previously in the   FIG. 9 . Bayesian relative rates test, indicating patristic distances from MRCA of Euchelicerata to constituent terminals. Samples are drawn from 4,000 postburn-in tree topologies (1,000 randomly sampled trees per chain) from analyses of the 500 slowest-evolving ortholog data set in Phylobayes.
literature (very limited support was obtained for Ricinulei + Solifugae by Regier et al. 2010) , and both warrant further anatomical and embryological investigation.
The Placement of Palpigradi
The 47 total species in the supermatrix represented all but two orders of Chelicerata: Schizomida and Palpigradi. Schizomida is a lineage consistently recovered as sister group of Thelyphonida, and the pair of orders comprises the clade Uropygi (Shultz 1990 (Shultz , 2007 Giribet et al. 2002; Pepato et al. 2010; Regier et al. 2010) . Several characters unite Schizomida and Thelyphonida, including a unique mating behavior (Shultz 1990) , and the mutual monophyly of the two orders has never been tested (i.e., one may constitute a nested lineage of the other).
In contrast, the placement of Palpigradi, an order of minuscule (typically < 1 mm in length) chelicerates (see Giribet et al. 2014) , has long been in dispute. Various analyses of different data classes have suggested that palpigrades are sister to Acariformes (Van der Hammen 1989; Regier et al. 2010) , Acari (Pepato et al. 2010) , Tetrapulmonata (Shultz 1990; Wheeler and Hayashi 1998) , Solifugae (Giribet et al. 2002) , or all remaining arachnids (Shultz 2007) . At the heart of the contention is the interpretation of palpigrade opisthosomal "sacs," three pairs of putatively respiratory structures that appear in opisthosomal sternites 4-6. These structures were historically inferred to be either the precursors or the remnants of book lungs, but a respiratory function of these structures has never been conclusively demonstrated. As we were unable to include genome-scale data for Palpigradi, we separately assessed the placement of this order using the 56 Sanger-sequenced genes for P. wheeleri from Regier et al. (2010) . These were analyzed as part of the matrix with the 500 slowest-evolving orthologs.
This analysis recovered P. wheeleri as sister group to Parasitiformes, with little support (BS = 50%), and modest reduction of nodal support elsewhere in the tree; relationships among and within other orders were unchanged (supplementary fig. S7, Supplementary Material online) . Moreover, given the placement of Palpigradi within a group of lineages with suspect placement, as well as its infinitesimal representation in the matrix (three orthologs out of 500), we consider the placement of this order insufficiently addressed in this study.
Outgroup Sampling and LBA Artifacts
One of the commonly invoked solutions for redressing topological instability is depth of taxonomic sampling, and particularly of closely related outgroup taxa. This is a practice that a subset of the authors has historically advocated in arthropod molecular phylogenies (Wheeler et al. 1993; Wheeler and Hayashi 1998; Giribet et al. 2001) . However, for the majority of the analyses conducted in this study, sampling of Mandibulata was restricted to three myriapod species, out of a total of ten outgroups (three onychophorans, three myriapods, two pycnogonids, and two xiphosurans). This deliberate selection of mandibulate exemplars was driven by the topologically stable position of Myriapoda in the arthropod tree of life (Regier et al. 2010; Rehm et al. 2014) and their relatively short-branch lengths in comparison to all of Pancrustacea, as inferred by recent phylogenomic analyses (Regier et al. 2010 ). An argument favoring selection of outgroup taxa that have short patristic distances from their MRCA with the ingroup taxa (i.e., low substitution rates) has been previously articulated by several workers as a solution for overcoming LBA artifacts (Bergsten 2005; RotaStabelli and Telford 2008) , which constitute a documented affliction of arachnid phylogenies (Pepato et al. 2010; Arabi et al. 2012) . Although the restriction of mandibulate exemplars to myriapods means that nodal support for Myriapoda may be overestimated in our analyses (due to the conflation of mandibulate synapomorphies with support for myriapod monophyly), our focus was on arachnid internal phylogeny, and the inclusion of Pycnogonida and Xiphosura as the most closely related outgroup taxa to Arachnida was the greater imperative for this study. Comparable considerations in outgroup sampling among arthropods are exemplified by the phylogenomic analyses of Regier et al. (2010) , who sampled just five outgroups for their analysis, but specifically chose the closest relatives of Arthropoda (three Onychophora and two Tardigrada), due to their focus on arthropod internal relationships. Brewer and Bond (2013) used a tick, a water flea (pancrustacean), and a centipede to root their internal millipede phylogeny. In an analysis of Opiliones, Hedin et al. (2012) used one outgroup (in one analysis, two): a tick or a chimeric scorpion terminal, the latter constructed from libraries of three different families of Scorpiones. These last two cases represent a much sparser outgroup sampling than the one conducted here.
Nevertheless, to demonstrate that sampling of outgroups without regard for branch length distributions can in fact exacerbate topological conflict when LBA artifacts already plague the ingroup, we conducted a separate family of analyses wherein we added four pancrustacean taxa, retaining the criterion of comparable data (i.e., Illumina libraries or complete, well-annotated genomes): the dipteran Drosophila melanogaster (complete genome), the coleopteran Tribolium castaneum (complete genome), the hemipteran Oncopeltus fasciatus (Illumina transcriptome; Ewen-Campen et al. 2011) , and the amphipod Parhyale hawaiensis ). Due to incident concerns about missing data in this data set (see above), 454 libraries for pancrustaceans were not analyzed. A fifth published pancrustacean data set (Daphnia pulex, complete genome) was added in a preliminary analysis, but proved greatly problematic, due to a branch length significantly longer than all other pancrustacean taxa analyzed and ensuing LBA artifacts (see also Fern andez et al. 2014) . Results from the data set including Daphnia (a 52-taxon data set) are therefore not presented here.
As shown in figure 11 , ML topologies of identical data partitions augmented with pancrustacean outgroups demonstrate significantly longer patristic distances for Pancrustacea in comparison to Myriapoda (i.e., with respect to the MRCA of arthropods; see also Regier et al. 2010) , corroborating the preferential selection of myriapods as outgroups in the main analyses of this study. The branch lengths of Pancrustacea as a whole are comparable to those of Acariformes, and the inclusion of Pancrustacea renders Chelicerata nonmonophyletic in some analyses, due to the phylogenetic proximity of Pancrustacea and Pycnogonida. Analysis of an augmented MARE2 matrix (which lacks pycnogonids) did not yield mandibulate monophyly either, with euchelicerates nested within a paraphyletic Mandibulata (not shown). As demonstrated by visualizations of gene tree conflict ( fig. 12 ), these placements of Pancrustacea are directly attributable to LBA, with a large number of genes recovering a close relationship of Parhyale and Acariformes, particularly in slower-evolving gene partitions that are more susceptible to topological incongruence (Salichos and Rokas 2013) . Although larger data sets do mitigate this problem (3,644-ortholog and MARE2 matrices; fig.  12 ), the lack of resolution at the base of Arachnida is entirely unaffected by the addition of pancrustacean outgroups, regardless of outgroup data set size ( fig. 12, compare with fig.  10 ), and Arachnida was not recovered as monophyletic by the augmented data sets.
These analyses reinforce the importance of outgroup choice when addressing lineages with demonstrable longbranch ingroup taxa and justify the limitation of mandibulate sampling to myriapods in our central analyses. The addition of outgroup data sets with nearly complete gene sampling (e.g., Drosophila, Tribolium) cannot surmount LBA artifacts when a large swath of basally branching pancrustacean taxa is not represented. Admittedly, the basal placement of Pancrustacea may be greatly improved by extensively sampling basally branching lineages throughout Mandibulata, but this is demonstrably the case even using a minuscule fraction of the genes deployed herein (e.g., eight-gene analysis of Giribet et al. 2001 ; the 62-gene analysis of Regier et al. 2010) . For the present analysis, pancrustacean genomic resources comparable to those of model organisms like the four species we analyzed (in addition to the chelicerate data we generated) remain limited, and particularly for such key lineages as copepods, ostracods, remipedes, cephalocarids, and collembolans.
Terrestrialization and Morphological Convergence
Although a number of aforementioned problems plague inference of chelicerate relationships, perhaps the most haunting concern is that the pursuit and identification of phylogenetic signal supporting the monophyly of Arachnida is itself an idiosyncratic objective. A feature common to early hypotheses of arthropod phylogeny, largely driven by morphological data, was the monophyly of Atelocerata, a clade comprising myriapods and hexapods (e.g., Snodgrass 1938; Schram and Emerson 1991; Wheeler et al. 1993; Fortey et al. 1997; Emerson and Schram 1998; Kraus 1998; Wheeler 1998) . Numerous aspects of anatomy united the two terrestrial mandibulate clades, such as the absence of tritocerebral appendages, the uniramy of present appendages, and characters pertaining to tracheal respiration. This hypothesis was progressively overturned in favor of Pancrustacea (a clade uniting hexapods with a paraphyletic assemblage collectively termed "crustaceans") by accruing molecular data (e.g., Turbeville et al. 1991; Friedrich and Tautz 1995; Giribet et al. 1996 Giribet et al. , 2001 Giribet and Ribera 1998; Zrzav y et al. 1998; Koenemann et al. 2010; Meusemann et al. 2010; Campbell et al. 2011; Rota-Stabelli et al. 2011) . The diphyly of Atelocerata rendered a large number of its putative synapomorphies homoplastic, the mechanism of which is inferred to be convergence due to terrestrial habitat (Legg et al. 2013) .
If terrestrialization has driven morphological convergence in the sister group of Chelicerata, then any epistemological justification for minimizing the number of inferred terrestrialization events in the chelicerate branch of the tree is greatly diminished. Integral to the reconstruction of terrestrialization is the phylogenetic placement of scorpions, which have an impressive Paleozoic fossil record demonstrating marine (or at least aquatic) origins (Jeram 1998; Dunlop et al. 2007; Dunlop 2010) . Some workers therefore considered scorpions sister to the remaining arachnids (Weygoldt and Paulus 1979) or separate from arachnids and sister to Xiphosura (Van der Hammen 1989; ref. Dunlop and Webster 1999 for a review of these hypotheses). In contrast, others have inferred a single terrestrialization event in the ancestor of Arachnida, based on comparative morphology and putative homology of scorpion and tetrapulmonate respiratory systems (Firstman 1973; Scholtz and Kamenz 2006; Kamenz et al. 2008 ) and circulatory systems (Wirkner et al. 2013) ; implicit in this inference is the assumption that the MRCA of scorpions and tetrapulmonates was the ancestral arachnid (i.e., the topology of Shultz 1990 Shultz , 2007 . Given the strongly supported placement of Scorpiones sister to Tetrapulmonata-a result recovered elsewhere with moderate support (Regier et al. 2010 )-or in some analyses, the sister relationship of (Scorpiones + Pseudoscorpiones) to Tetrapulmonata ( fig. 6 ), the tree topology at hand obviates inference of a terrestrial arachnid ancestor. The phylogenetic proximity of Scorpiones to Tetrapulmonata is certainly consistent with the homology of their respiratory and circulatory systems (i.e., implies a single origin of the arachnid book lung), but it implies that a single terrestrialization event is not a viable reconstruction of chelicerate evolutionary history, even if Arachnida is recovered as monophyletic. Chelicerata therefore could encompass an evolutionary history with multiple terrestrialization events, in a manner comparable to Mandibulata (von Reumont et al. 2012) .
Due to the incidence of heterotachy for some chelicerate orders and concealed phylogenetic signal for several plausible phylogenetic hypotheses, we tentatively favor elements of the tree topology recovered by the slower-evolving orthologs that are consistent with morphological analyses, such as arachnid monophyly, the placement of Pseudoscorpiones within or sister to Arachnopulmonata, and the relationship of (Opiliones + (Ricinulei + Solifugae)). We add the caveat that these relationships should be rigorously tested using broader sampling of constituent terminals (particularly of basally branching exemplars of the problematic orders). We also note that derived relationships, particularly within the wellsampled orders Opiliones and Araneae, unambiguously support traditional systematics within these groups (Shultz 1998; Coddington et al. 2004; Giribet et al. 2010; Sharma and Giribet 2011; Hedin et al. 2012) .
Conclusion
We assessed the phylogeny of Arachnida using the largest phylogenomic assessment to date and conducted 40 separate analyses, varying different parameters of matrix assembly and algorithmic approach. We identified Pseudoscorpiones, Acariformes, and Parasitiformes as problematic long-branch taxa, even upon inclusion of full genomes and use of sophisticated substitution models. We consistently observed short internodes in basal relationships attributable to ancient rapid radiation. Serial concatenation in order of percent pairwise identity demonstrates systemic conflicts in phylogenetic signal. Topological conflict at the base of Arachnida is retained among gene trees across data sets, regardless of evolutionary rate or minimization of missing data. Slow-evolving orthologs recovered the monophyly of Arachnida, the clade (Pseudoscorpiones + Arachnopulmonata), and the relationship of (Opiliones + (Ricinulei + Solifugae)). Addition of outgroups without regard for evolutionary rate is shown to exacerbate LBA artifacts. A number of relationships was unambiguously supported in all analyses. Future investigations of chelicerate phylogeny should emphasize taxonomic sampling efforts for breaking long branches by identifying basally branching and putatively slowly evolving exemplars of the orders Pseudoscorpiones, Acariformes, and Parasitiformes. Improving matrix representation of Palpigradi is mandatory for assessing its placement within Chelicerata.
Materials and Methods
Species Sampling and Molecular Techniques
Taxa were sampled toward maximizing phylogenetic representation within Chelicerata. Given the availability of whole genomes for both Parasitiformes and Acariformes, we focused on generating Illumina paired-end read data for other chelicerate orders. New transcriptomic data were thus generated for 17 euchelicerate taxa. Collecting locality information and statistics on sequencing yields are provided in table 1 and  supplementary table S1 , Supplementary Material online. All tissues were collected fresh and prepared immediately for RNA extraction. Total RNA was extracted using TRI Reagent (Invitrogen). mRNA samples were prepared with the Dynabeads mRNA Purification Kit (Invitrogen), following the manufacturer's protocol. Quality of mRNA was measured with picoRNA assays in an Agilent 2100 Bioanalyzer (Agilent Technologies); quantity was measured with a RNA assay in Qubit fluorometer (Life Technologies).
Almost all cDNA libraries were constructed with the TruSeq for RNA Sample Preparation kit (Illumina) following the manufacturer's instructions; three spider libraries (Frontinella communis, Leucauge venusta, and Neoscona arabesca) were prepared using the PrepX mRNA kit for Apollo 324 (Integen). Samples were barcoded with TruSeq adaptors, facilitating multiplexed sequencing runs, with up to four specimens per lane sequenced on the Illumina Hi-Seq 2500 platform. Concentration of cDNA was measured using dsDNA High Sensitivity assays in an Agilent 2100 Bioanalyzer (Agilent Technologies), as well as a Qubit fluorometer (Invitrogen). Samples were run using a Illumina Genetic Analyzer II or Illumina HiSeq 2500 platform with paired-end reads of 100-150 bp at the FAS Center for Systems Biology at Harvard University, excepting the Mastigoproctus giganteus library, which was sequenced using single-end reads of 100 bp.
Sequenced results were quality filtered accordingly to a threshold average quality Phred score of 30 and adaptors trimmed. Retained reads shorter than 25 bp were discarded. Ribosomal RNA (rRNA) was filtered out using Bowtie v.1.0.0 (Langmead et al. 2009 ), by constructing a set of metazoan rRNA sequences from GenBank with the command, "bowtiebuild." Each sample was sequentially aligned to the index allowing up to two mismatches through Bowtie v.1.0.0, retaining all unaligned reads in FASTQ format (command line: "-a -best"). Unaligned results were paired using read header information and exported as separate files for left and right mate pairs. This process was repeated for each sample and reads corresponding to rRNA sequences were removed.
De novo assemblies were conducted using Trinity (Grabherr et al. 2011; Haas et al. 2013 ) using paired read files, with the exception of hardware specifications (numbers of dedicated CPUs). For the single-end read library of M. giganteus, a path reinforcement distance of 25 was enforced; for paired-end libraries, a value of 75 was enforced. Raw reads have been deposited in the NCBI (National Center for Biotechnology Information) Sequence Read Archive database. All assemblies, alignments, matrices, and tree topologies generated in this study are deposited in the Dryad Digital Repository.
We added 30 other taxa to the data set of 18 Illuminasequenced chelicerates (table 1) . Peptide sequences from whole genomes of I. scapularis and T. urticae were accessed from the public databases Vectorbase and Ensembl, respectively. A pair of outgroup species, Alipes grandidieri (Myriapoda) and Peripatopsis capensis (Onychophora), were sequenced by a subset of the authors using the same methods and platforms for a separate study (Fern andez et al. 2014) . A subset of smaller, assembled 454 libraries and Sanger-sequenced ESTs were accessed from GenBank (table 1) . Finally, we obtained reads for eight harvestman libraries published by Hedin et al. (2012) , and sanitized and assembled these de novo in Trinity as described above.
Orthology Assignment
Redundancy reduction was done with CD-HIT (Fu et al. 2012) for all Trinity assemblies (95% similarity). Resulting culled assemblies were processed in TransDecoder (Haas et al. 2013 ) in order to identify candidate ORFs within the transcripts. Predicted peptides were then processed with a further filter to select only one peptide per putative unigene, by choosing the longest ORF per Trinity subcomponent with a python script, thus removing the variation in the coding regions of Trinity assemblies due to alternative splicing, closely related paralogs, and allelic diversity. Peptide sequences with all final candidate ORFs were retained as fasta files. We assigned predicted ORFs into orthologous groups across all samples using OMA stand-alone v.0.99t (Altenhoff et al. 2011 (Altenhoff et al. , 2013 . All input files were single line multi-fasta files and the parameters.drw file specified retained all default settings. We parallelized all-by-all local alignments across 200 CPUs. In a separate family of analyses, additional outgroups were added to the output from the principal OMA run using best reciprocal BLAST hits, implemented in a customized script.
Phylogenomic Analyses
We constructed an amino acid supermatrix by concatenating the set of OMA groups containing 13 or more taxa (gene occupancy of 25%), which were extracted using a Unix script. These 3,644 orthogroups were aligned individually using MUSCLE v.3.6 (Edgar 2004) . Ambiguously aligned positions were culled using GBlocks v.0.91b (Castresana 2000) , as well as regions where more than 50% of the columns constituted missing data (using the command -b5 = h). Trimmed orthogroups were concatenated using Phyutility 2.6 for this and other phylogenomic matrices (see below).
Due to the degree of missing data for the palpigrade P. wheeleri, represented by 56 Sanger-sequenced genes, we principally analyzed our data set without this species, adding the palpigrade terminal in a final analysis to infer the placement of this enigmatic order. Attempts to obtain new transcriptomes of Eukoenenia spelaea (from Slovakia) and Eukoenenia sp. (from Mexico) were unsuccessful due to the diminutive size and scarcity of these animals.
To assess the impact of gene occupancy on nodal support and tree topology, we constructed five other matrices at different thresholds of gene occupancy. An additional 15 matrices were constructed based on evolutionary rate, for which percent pairwise identity was employed as a proxy. This method was chosen to approximate evolutionary rate because it is agnostic to tree topology. Percent pairwise identity was calculated for each orthogroup alignment in Geneious v.6.1.6, and is computed by taking all possible pairs of bases at the same column and scoring a hit (one) when a pair is identical; this value is divided by the total number of pairs for each column, and all column values are then averaged over the length of the alignment. Cells with indels ("-") and missing taxa do not contribute to pairwise calculations. The percent pairwise identity was calculated for each of the 3,644 orthogroup alignments subsequent to treatment with GBlocks v. 0.91b. This ensured that regions with large indels did not affect the calculation of percent pairwise identity.
As an algorithmic alternative to optimization of matrix construction, we used the software MARE (MAtrix REduction; http://mare.zfmk.de, last accessed November 11, 2013), which estimates informativeness of every orthogroup based on weighted geometry quartet mapping (NieseltStruwe and von Haeseler 2001) . We analyzed the 3,644 orthogroups with gene occupancy over 25% using MARE, and thereby constructed two matrices. First, we implemented MARE, enforcing retention of all libraries. Second, we repeated algorithmic matrix reduction, but enforced retention of only those 30 libraries constituting Illumina libraries or whole genomes (i.e., keeping only terminals with significantly more data than 454 or Sanger-sequenced EST counterparts). As a separate test of influence of data quantity, we constructed a manual reduction of the 3,644-ortholog supermatrix, retaining only the 30 libraries constituting Illumina libraries or whole genomes.
ML analyses were conducted using RAxML v.7.7.5 (Berger et al. 2011) and Bayesian inference using PhyloBayes MPI 1.4e (Lartillot et al. 2013) . For RAxML v.7.7.5, we implemented a unique LG4X + F model for each gene (Le et al. 2012) . Bootstrap resampling frequencies were estimated with 500 replicates using a rapid bootstrapping algorithm (Stamatakis et al. 2008) . Analyses with PhyloBayes MPI 1.4e were limited to smaller data sets, as implementation of PhyloBayes for large matrices requires intractable amounts of time for convergence. We implemented PhyloBayes MPI 1.4e using the site-heterogeneous CAT + GTR model of evolution (Lartillot and Philippe 2004) . Four independent chains were run for 6,965-10,145 cycles, and the initial 5,000 cycles were discarded as burn-in, with convergence assessed using the maximum bipartition discrepancies across chains.
Supplementary Material
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